exploring nanolithography as a method for creating semiconducting graphene nanoribbons (GNRs) with an electronic bandgap inversely proportional to width. 15 , 16 While GNRs have been produced by lithographic 14 , 17 or chemical methods, 18 -20 the development of reliable methods for producing high yields of GNRs with a controlled bandgap remains an open challenge. Furthermore, since the electronic properties of a GNR depend sensitively on the geometry and passivation of its edges, 21 lithographic and/or chemical strategies require improved precision at or near the atomic scale.
In this article, we review recent work from our laboratory that is addressing the aforementioned issues via organic chemical functionalization of graphene. In an effort to characterize, understand, and manipulate the surface chemistry of graphene at the molecular level, this research employs ultrahigh vacuum scanning tunneling microscopy (UHV STM) due to its established atomic-scale spatial resolution capabilities. Different organic functionalization chemistries are categorized by the nature of the chemical bonding with the graphene surface (i.e., noncovalent versus covalent). For noncovalent organic monolayers, the intermolecular interactions play an important and sometimes dominant role in driving the molecular assembly compared to the molecule-substrate interactions. In addition, the relatively weak molecule-substrate interactions imply that the outstanding electronic properties of graphene remain essentially unperturbed while the noncovalent organic monolayer provides tailorable surface chemical reactivity. On the other hand, covalent organic adsorbates can induce substantial local perturbation to the electronic structure of the underlying graphene substrate, which presents opportunities for manipulating electronic properties for device applications. Beyond structural and electronic characterization, UHV STM is also utilized to nanopattern organic molecules on graphene at the sub-5 nm length scale. In this manner, fundamental studies and prototype device fabrication are being actively pursued for graphene-based heteromolecular nanostructures.
Experimental methods
UHV STM possesses two primary advantages for studying chemically functionalized graphene: (1) STM imaging allows the spatial ordering and electronic character of the functionalized surface to be directly observed with molecular spatial resolution; (2) the UHV environment effectively eliminates the competitive adsorption of contaminants that would otherwise alter or obscure the functionalized surface. Our work was conducted with a home-built UHV STM system 22 that is operated at room temperature. For the noncovalent functionalization chemistries, the molecules are deposited onto graphene in UHV via gas phase thermal evaporation and imaged with STM without breaking vacuum. On the other hand, covalent functionalization is prepared through solution-phase reactions at atmospheric pressure. The covalently modifi ed substrates are then introduced into the UHV chamber, where the surfaces are cleaned by thermal outgassing preceding STM imaging. These approaches have been refi ned in our laboratory over the past decade on chemically functionalized silicon surfaces, 23 -45 and routinely enable molecular resolution imaging, spectroscopy, and nanopatterning.
The form of graphene used in our studies is epitaxial graphene grown on SiC(0001) wafers. Epitaxial graphene is compatible with standard wafer-scale fabrication techniques, making it a leading candidate for electronic applications. 46 -49 Furthermore, epitaxial graphene is readily compatible with UHV sample preparation and STM imaging. Epitaxial graphene is formed by annealing SiC(0001) substrates at high temperature (above 1300°C) under UHV conditions, leading to the depletion of Si from the surface and subsequent graphitization. 50 The graphene sheets grow over atomic steps on the SiC substrate in a carpet-like manner 51 with large atomically fl at terraces that are well-suited for molecular resolution studies with STM. Representative STM images of the pristine epitaxial graphene surface are shown in Figure 1 . The 53 V s , sample bias; I t , tunneling current.
UHV-prepared epitaxial graphene samples typically possess a mixture of monolayer and bilayer graphene domains, as seen in Figure  1a . 52 -54 The monolayer ( Figure 1c ) and bilayer ( Figure 1b ) regions can be readily distinguished by STM imaging, 51 which allows the infl uence of graphene layer thickness on chemical reactivity to be locally studied. Various zero-dimensional, one-dimensional, and two-dimensional defects are also observable ( Figure 1d and 1e ) . It should be noted that epitaxial graphene possesses high stability and chemical inertness, which allows it to be exchanged between vacuum and ambient conditions for additional processing and characterization. 52 , 53 , 55 
Noncovalent organic functionalization of graphene
A wide range of materials and molecules can interact noncovalently with graphene, including small inorganic molecules, 56 , 57 large aromatic molecules, 58 -61 polymers, 62 metals, 63 -65 and metal oxides. 49 , 66 -72 In general, these noncovalent interactions are suffi ciently weak to preserve the electronic band structure of the underlying graphene, although some organic molecules can act as molecular dopants. 61 Noncovalent chemistries also underlie many efforts to disperse graphene in solution. 73 -75 The growth of metal oxide layers, which has important applications as dielectric layers in electronic devices and as photocatalysts, has been demonstrated on graphene by thermal oxidation of sputtered thin metal fi lms 70 , 71 and by atomic layer deposition (ALD) on an organic seeding layer. 49 , 72 In our laboratory, the formation of noncovalent organic monolayers on epitaxial graphene has been studied at the mole cular scale with UHV STM using the molecular semiconductor 3,4,9,10-perylene-tetracarboxylic dianhydride (PTCDA). 53 A related molecule, 3,4,9,10-perylene-tetracarboxylic acid (PTCA), was previously shown to seed the uniform growth of aluminum oxide, which is a dielectric material that grows irregularly on bare graphene due to graphene's hydrophobicity and chemical inertness. 72 In this previous work, the role of PTCA as an effective functional seed layer was demonstrated, but the nature of the molecular interactions with graphene were not studied. The molecular structure of PTCDA is shown in Figure 2 a , and STM images of the PTCDA monolayer formed on epitaxial graphene following thermal evaporation are shown in Figure 2b -2c and 2e-2g . The self-assembled PTCDA monolayer is well-ordered and uniform, with typical domain sizes spanning hundreds of nanometers. The molecules form a herringbone arrangement, as seen in Figure 2c , similar to the herringbone arrangement adopted by PTCDA on other inert substrates such as highly oriented pyrolytic graphite (HOPG) and metal surfaces, 76 -78 and also similar to the (102) plane of the PTCDA bulk crystal structure. 79 The herringbone unit cell is schematically illustrated in Figure 2d .
The PTCDA monolayer is also insensitive to surface defects such as underlying SiC step edges ( Figure 2c ), one-dimensional defects ( Figure 2f ) , and point defects ( Figure 2g ). In these cases, the graphene sheet is still continuous, and the PTCDA monolayer continuously follows the unbroken graphene sheet. However, if the underlying SiC step edges are 53 V s , sample bias; I t , tunneling current.
accompanied by a break in the graphene sheet ( Figure 2e ), then the PTCDA monolayer is also disrupted. The orientation of PTCDA monolayers on epitaxial graphene does not appear to be correlated with the symmetry of the underlying substrate, since adjacent domains of PTCDA possess relative ordering at arbitrary angles, 53 unlike the behavior of PTCDA on HOPG, which has domains rotated at multiples of 60° to each other. 80 , 81 These observations indicate that PTCDA on graphene possesses relatively weak molecule-substrate interactions (e.g., π -π * interactions) and relatively strong intermolecular interactions (e.g., hydrogen bonding and quadrupolar interactions between nearest neighbor molecules). 76 , 82 , 83 The insensitivity of the PTCDA monolayer to graphene surface defects makes it an ideal seeding layer for highly uniform ALD growth of high-k dielectric thin fi lms. 84 Scanning tunneling spectroscopy (STS) allows study of the electronic properties of the PTCDA monolayer on epitaxial graphene, as shown in Figure 3a . 53 The PTCDA spectrum shows two prominent peaks at about 1.1 V and -1.8 V, which are attributed to the lowest unoccupied molecular orbital (LUMO) and highest occupied molecular orbital (HOMO) of the PTCDA molecule, respectively. 53 The measured positions of the LUMO and HOMO levels are consistent with weak electronic coupling between the PTCDA and graphene, which suggests that the electronic properties of the underlying graphene remain intact following noncovalent functionalization.
To further investigate the relative importance of moleculesubstrate and intermolecular interactions in the formation of noncovalent monolayers on graphene, we studied a related derivative molecule of PTCDA, N,N′-dioctyl-3,4,9,10-perylene-tetracarboxylic diimide (PTCDI-C8), whose molecular structure is shown in Figure 4 a . This molecule has the same aromatic backbone as PTCDA, but differs from PTCDA by the substitution of two oxygen atoms with nitrogen coupled to an eight-carbon alkyl chain at each end of the molecule. STM images of the PTCDI-C8 monolayer are shown in Figure  4b -d . It is immediately clear from the STM images that the alkyl tails on PTCDI-C8 have altered the ordering within the PTCDI-C8 monolayer from the herringbone phase observed for PTCDA to a rectangular striped phase. A schematic of the proposed unit cell is shown in Figure 4e , where the aromatic backbone of the PTCDI-C8 molecule lies fl at on graphene via π -π * interactions in the same manner as PTCDA, and the alkyl tails protrude away from the surface, consistent with a previous study of PTCDI-alkyl molecules. 85 The observed difference in ordering geometry indicates a change in the directionality and strength of the intermolecular bonding.
Further insight into the intermolecular bonding in these noncovalent monolayers can be gained by studying submonolayer coverages of PTCDA and PTCDI-C8. In Figure 5 a and 5b , PTCDA and PTCDI-C8, respectively, form distinct islands on epitaxial graphene at submonolayer coverage. 53 , 54 The PTCDA islands ( Figure 5a ) possess distinct edges that sharply distinguish the molecules from the graphene, although some molecule-substrate interactions. Similarly, it has been reported that PTCDA forms a full monolayer before growth of a second layer. 80 X-ray refl ectivity measurements of the vertical structure of PTCDA layers on epitaxial graphene provide further support for these observations. 86 Figure 5d shows the initial stage of PTCDI-C8 growth on a surface with ~0.5 ML PTCDA. The PTCDI-C8 molecules have begun to nucleate at the edges of existing PTCDA islands and at graphene/SiC step edges, appearing as a bright, hazy band (solid arrows). 54 Furthermore, the PTCDI-C8 molecules at the edges of the PTCDA island stabilize the domain boundary and result in a series of apparent protrusions at the interface (dashed arrows). Due to this interaction and stabilization, the boundaries between PTCDA and PTCDI-C8 have also rearranged into a lower-energy linear confi guration.
Covalent organic functionalization of graphene
Several methods for covalently functionalizing graphene have been demonstrated. For example, graphene oxide (GO), produced by treating graphite with strong oxidizing agents, 87 is among the most widely studied covalent chemistries. 88 The GO oxidation reaction produces a variety of oxygen-containing functional groups on the graphene surface, including carbonyls, hydroxyls, phenols, and epoxides. While this functionalization allows large volumes of solution-processable material to be produced, GO is electrically insulating and highly defective. Although GO can be reduced by treatment with various physical and chemical methods to form reduced GO (r-GO), many defects remain in r-GO, thus preventing full recovery of the electronic properties of pristine graphene. Nevertheless, GO and r-GO have been used in many applications, such as polymer nanocomposites, graphene oxide paper, transparent conductors, and photovoltaics. 89 Covalent modifi cation of graphene with hydrogen changes the sp 2 hybridization to sp 3 and strongly modifi es its electronic properties. 90 -93 STM studies of hydrogen covalently bonded to epitaxial graphene have revealed that the hydrogen coverage is not closely packed and possesses poor ordering. 91 The patterning of hydrogen-modifi ed graphene by STM nanolithography results in recovery of the pristine graphene electronic structure. 93 Another emerging covalent chemistry on graphene is the attachment of aryl moieties. 52 , 94 , 95 The reduction of aryl diazonium salts at the graphene surface results in covalently attached aryl groups that have been shown to increase the resistivity of the graphene sheet. 94 , 96 Other covalent modifi cations of instability during STM imaging is visible. On the other hand, the PTCDI-C8 island edge ( Figure 5b ) appears hazy and indistinct, with the molecules appearing to fade into the graphene background (solid arrows). This difference in edge appearance can likely be explained by the PTCDI-C8 molecules possessing weaker intermolecular interactions, and thus a greater degree of molecular diffusion is observed at island boundaries. The STM images in Figure 5c and 5d show the result of sequential depositions of ~0.5 monolayers (ML) PTCDA and ~0.5 ML PTCDI-C8. The two molecules form separate domains, with the PTCDA fi rst forming islands and then PTCDI-C8 fi lling in the remaining graphene areas. Figure 5c shows a typical domain boundary between PTCDA and PTCDI-C8 domains, occurring on the same graphene terrace. The tendency for PTCDI-C8 to fi ll in the graphene areas not covered by PTCDA rather than depositing on top of the PTCDA is consistent with strong in-plane intermolecular interactions relative to 54 V s , sample bias; I t , tunneling current.
graphene include the attachment of nitrenes, 97 organic free radicals, 98 and dipolar ylides. 99 In our laboratory, we have studied the covalent functionalization of epitaxial graphene at the molecular scale with UHV STM following reaction with 4-nitrophenyldiazonium (4-NPD) tetrafl uoroborate. 52 This covalent molecular grafting is performed in a room-temperature solution-phase reaction followed by annealing of the chemically modifi ed sample in UHV at 500°C to remove physisorbed contamination prior to STM imaging. 52 As shown in the reaction scheme in Figure 6 a , the aryl diazonium reduction process begins with the diazonium cation accepting an electron from the graphene surface to form an aryl radical and release of a nitrogen molecule. This radical can then attach covalently to the graphene surface or to existing aryl groups, leading to the formation of aryl oligomer chains.
Previous studies of aryl-modifi ed graphene have not used molecular spatial resolution techniques, so the molecular ordering could not be directly probed. Some reports have suggested that the 4-NPD attachment leads to a closely packed monolayer of vertically oriented aryl groups. 94 , 100 However, through molecularly resolved UHV STM imaging, we observe that the resulting 4-NPD adlayer is sparsely packed due to the presence of aryl oligomers that sterically hinder a more closely packed functionalization. 52 The aryl-modifi ed graphene surface is shown in the representative STM images in Figure 6b and 6c . An atomically fl at but inhomogeneous layer of adsorbed molecules is observed (i.e., the molecules are not densely packed, and small patches of unreacted graphene are present). In the highresolution STM image in Figure 6c , the adsorbed molecules form irregularly shaped chain-like features. These chains resemble the pseudorandom walk confi gurations of organic chain reactions on silicon surfaces 101 and suggest the formation of aryl oligomers. Following the scheme in Figure 6a , the initial step in the reaction is the direct covalent attachment of an aryl radical to the graphene surface. However, following this step, additional radicals may either attach to the surface or to other aryl groups that are already attached to the surface. 52 These oligomer chains then lay physisorbed on the graphene surface in an irregular conformation, or possibly protrude away from the surface, leading to the larger features in the STM images in Figure 6b and 6c . The presence of existing aryl groups and aryl oligomers sterically hinder the direct attachment of further aryl groups, resulting in an adlayer that is not densely packed. Since these surface features are stable after annealing at 500°C, they are presumed to be strongly anchored to the graphene surface by at least one covalent attachment site. 52 The electronic characteristics of aryl-modifi ed graphene have been measured using STS. The d I /d V spectra from (1) functionalized and (2) pristine regions are shown in Figure 7 a . The spectrum of clean graphene (2) shows a minimum at zero sample bias corresponding to the Fermi energy, and a local minimum at -0.3 V corresponding to the Dirac point, where the conduction band and valence band of graphene meet and the density of states vanishes. In contrast, the spectrum of the modifi ed graphene (1) shows only the minimum at zero bias. From hundreds of measured spectra, ~70% of the d I/ d V curves are similar to the spectrum in (1), and ~25% resemble the pristine spectrum in (2) . The remaining ~5% of spectra have an appearance similar to Figure 7b , where d I /d V approaches zero at zero bias and has a minimum gap opening of ~0.35 eV. 52 This distribution of d I/ d V spectra can be explained by considering the inhomogeneous and loosely packed adlayer. The spectrum shown in Figure 7a (1) corresponds to points where an aryl oligomer chain is physisorbed and weakly infl uences the graphene; spectrum shown in Figure 7a (2) indicates points where the graphene remains unreacted; and spectrum shown in Figure 7b occurs at covalent attachment sites where the sp 2 hybridization has been disrupted, and a bandgap has been opened. 52 More recently, electrical characterization of graphene devices that have been chemically modifi ed by aryl diazonium attachment have shown increasing resistivity and loss of the Dirac point with an increasing degree of covalent functionalization, consistent with our observation of localized electronic changes at the attachment sites.
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UHV STM nanopatterning of organically functionalized graphene
Direct lithographic patterning of graphene has been pursued by researchers using several approaches, including electron beam lithography, 14 block copolymer templated dry etching, 102 , 103 and scanning probe lithography. 17 , 104 -106 Many of these efforts were aimed at engineering the quantum confi nement of graphene to open a bandgap. However, these early attempts have lacked suffi cient spatial resolution to yield atomically well-defi ned edges that are likely necessary for reproducible and uniform electronic properties.
In our work, we have explored an alternative approach by performing UHV STM nanopatterning of organic adlayers on graphene. 52 , 54 Rather than directly patterning the graphene sheet itself, we selectively and controllably desorb the molecules that form the organic functionalization layer. Previously, extensive work has been done on the selective desorption of atoms and molecules from semiconductor surfaces. 38 , 45 For chemically functionalized graphene, patterning the organic adlayer offers an analogous approach for controlling the nanoscale characteristics of graphene and is a potential route toward engineering quantum confi nement. For example, the patterning of hydrogen-modifi ed graphene using STM nanolithography has shown promise in this direction. 93 In our laboratory, nanopatterning of PTCDA monolayers on epitaxial graphene has recently been demonstrated as shown in Figure 8 . 54 In Figure 8a and 8b , nanopatterning was accomplished by applying an increased sample bias voltage (-3.6 V) and tunneling current (0.5 nA) while scanning the tip along the paths indicated by the dashed lines shown in the STM image in Figure 8a at 23 nm/s tip speed. 54 This procedure results in inconsistent nanopatterning, as shown in the STM in Figure 8b , which was taken after the patterning procedure. Along line (1), the procedure resulted in no desorption of PTCDA; along line (2) a 10-15 nm wide patch of PTCDA was desorbed to reveal bare graphene; and line (3) resulted in a small sub-5 nm dot of PTCDA being desorbed. The control and reproducibility of PTCDA nanopatterning was greatly improved by employing feedback-controlled lithography (FCL), 24 , 38 , 44 , 45 , 107 in which a sharp change in the tunneling current that results from a successful desorption event triggers a secondary feedback loop to terminate the nanopatterning. Using FCL, inconsistent desorption that might occur as a result of changes in tip-sample junction or molecule-molecule interactions is actively minimized, resulting in highly reproducible nanopatterning.
In Figure 8c and 8d , four dots in a square array were formed by FCL at -4.0 V sample bias, 0.3 nA tunneling current, and 13% threshold change in tunneling current. Time traces of the tunneling current and tip height during a typical FCL patterning event are displayed in Figure 8e , showing the sharp changes that occur upon successful desorption and subsequent termination of the patterning conditions. Systematic exploration of the nanopatterning phase space revealed that PTCDA desorption depends mostly on the applied sample bias, with a desorption threshold at -4.0 ± 0.5 V. 54 The nanopatterned PTCDA monolayer has subsequently been used as a chemical resist or template as shown in Figure 9 . In particular, the procedure for forming heteromolecular nanostructures on graphene is illustrated schematically in Figure 9a , while STM images showing the experimental realization of this process are displayed in Figure 9b -9d . Initially, two nanopatterns were formed on a PTCDA monolayer by a series A spike in the tunneling current occurs upon PTCDA desorption and causes a tip retraction, followed by the secondary feedback loop terminating the patterning conditions. Adapted from Wang and Hersam.
54 V s , sample bias; I t , tunneling current.
of FCL dots. PTCDI-C8 was then thermally deposited in situ onto the nanopatterns and was observed to completely fi ll the patterns with ordered nanoscale domains of PTCDI-C8 constrained by the PTCDA template. In the process of forming the heteromolecular patterns, we note that the shape of the two patterns became more isotropic and symmet ric after PTCDI-C8 deposition. This effect results from a combination of the tendency for PTCDI-C8 to stabilize and rearrange the PTCDA edges, as was previously observed ( Figure 5d ), and radiative sample heating during thermal deposition of PTCDI-C8 that leads to increased molecular surface diffusion. We have also explored STM-induced nanopatterning of aryl-modifi ed graphene, as shown in Figure 10 . 52 The initial covalently modifi ed surface of Figure 10a was patterned by applying elevated tunneling conditions (1.0 nA tunneling current and -4.0 V to -7.0 V sample bias) while moving the cleanly desorbed under these conditions, revealing clean graphene nanoribbons with widths at or below ~5 nm. Additional nanopatterning trials revealed that the desorption threshold occurs at a sample bias of -5.0 V and a tunneling current of 1.0 nA. Since nanopatterning is not observed to occur at positive sample bias, the desorption mechanism likely involves inelastic scattering of tunneling holes via a σ hole resonance. 108 The patterning line width is observed to be essentially independent of the nanopatterning conditions above threshold, as lines ~5 nm wide are consistently achieved. Furthermore, it appears that the line roughness is limited by the inhomogeneous nature of the 4-NPD adlayer rather than the nanopatterning itself.
Both theoretical and experimental reports have indicated the existence of a bandgap in graphene nanoribbons with widths below 10 nm due to quantum confi nement.
14 However, d I /d V spectra taken within the nanopatterned ribbons did not reveal this phenomenon. 52 The relatively tip at a constant speed of 10 nm/s, resulting in the horizontal lines in Figure 10b . Additional vertical lines were patterned at similar conditions as seen in Figure 10c . The molecules are sparse concentration of covalent attachment sites for 4-NPD implies weak electronic contrast between the functionalized and patterned graphene regions, apparently leading to insuffi cient quantum confi nement for bandgap formation.
Conclusions, prospects, and challenges
We have shown that ultrahigh vacuum scanning tunneling microscopy (UHV STM) is a powerful tool for characterizing and manipulating organically functionalized graphene at the molecular scale. Noncovalent functionalization schemes have been demonstrated using large planar molecules with extended π -electron systems that interact with graphene by π -π * stacking and form well-ordered monolayers. Using the molecules PTCDA and PTCDI-C8, intermolecular interactions between adjacent molecules have been found to infl uence the geometry of the molecular ordering as well as the stability of the monolayer. Noncovalent monolayers on graphene do not strongly perturb the electronic properties of graphene and can thus be used as highly uniform and conformal adhesion layers for subsequent chemistries. Covalent functionalization with the aryl diazonium salt 4-NPD has also been studied by UHV STM and scanning tunneling spectroscopy (STS), resulting in an inhomogeneous layer of covalently bound molecules and oligomers that locally induce the opening of a bandgap in graphene. The controlled desorption of both covalent and noncovalent functionalizations by UHV STM nanolithography has also been explored. PTCDA and 4-NPD were desorbed by applying elevated negative sample biases and increased tunneling currents. For PTCDA, inconsistencies in patterning resolution were overcome with feedback-controlled lithography. The resulting PTCDA patterns were then used as chemical resists for the deposition of PTCDI-C8. For 4-NPD, STM nanolithography resulted in clean patterns that are only limited by the inhomogeneity of the original aryl attachment. Both PTCDA and 4-NPD nanopatterns revealed pristine graphene domains at the sub-5 nm scale.
In the rapidly developing field of graphene chemistry, UHV STM is expected to play an important and unique role in molecularly resolved characterization. The spatial organization of chemically functionalized graphene will be directly revealed via STM, while STS will allow the electronic density of states to be spatially mapped. Future challenges for the fi eld lie in identifying new chemistries, both covalent and noncovalent (and combinations thereof), that can stably functionalize and/or passivate graphene, controllably modulate the electronic properties of graphene, and alter its interaction with the external environment. Ultimately, this fundamental insight will inform ongoing efforts to realize and optimize a variety of graphene-based technologies, including nanoelectronics, optoelectronics, biological and chemical sensors, and energy conversion and storage devices.
